CLP is a homologue of cyclic AMP-receptor protein in Xanthomonas campestris. In this study, proteomic analysis and Western blotting showed that the clp mutant (TC820) of X. campestris synthesizes less GroESL proteins than the parental P20H. The groESL upstream regions, nt À583 to À32 (552 bp) and nt À178 to À29 (150 bp) relative to the groESL initiation codon, were cloned for transcriptional fusion assays. The 150-bp region, bearing putative r 24 -and r 32 -binding sites and the CIRCE element all known to regulate groESL operon, expressed the same levels of b-galactosidase (300 U/ml) in both strains, indicating that CLP is not involved in the expression from this region. At early exponential phase, the 552-bp region displayed extremely high levels of promoter activity, 11,000 U/ml in P20H versus 5000 U/ml in TC820. The enzyme levels were about 2000 U/ml at stationary phase in both strains, indicating high levels of expression when cells cease growing. These results suggest that the sequence responding to CLP regulation resides between nt À178 and À583. However, since this region has no CLP-binding site and showed no binding to CLP in gel retardation assay, CLP is likely acting indirectly. This communication appears to be the first description of the positive regulation of a bacterial heat-shock operon by a CRP homologue.
Introduction
The Gram-negative, yellow-pigmented Xanthomonas campestris pv. campestris is the causative agent of black rot in cruciferous plants [1] . It is capable of producing great amounts of an exopolysaccharide, xanthan gum, and an array of extracellular enzymes, including proteases, pectinases, and cellulases [2] . The abilities to produce xanthan and these extracellular enzymes are collectively required for pathogenicity [3, 4] . Previous studies have shown that production of these virulence factors is positively regulated by CLP (cyclic AMPreceptor protein-like protein) which is a homologue of CRP, the global transcription factor required for the regulation of many genes in Escherichia coli [5] . Therefore, clp mutants produce drastically reduced amounts of these factors with the concomitant loss of the virulence [4, [6] [7] [8] .
In X. campestris, neither a significant level of cyclic AMP is detectable nor a cya homologue, the gene responsible for the synthesis of cAMP, is present in the fully sequenced genome [6, 9] . Therefore, it is possible that during the stimulation of transcription, CLP can bind to the promoters without the interaction with cAMP. Since CLP plays such a key role in regulating virulence genes, we have been interested in understanding the regulation mechanisms involved.
In this study, a clp mutant was subjected to proteomic analysis. In the silver-stained two-dimensional gel, the intensities of over 100 protein spots from the mutant were found to be altered compared to those from the isogenic wild-type cells. Mass spectrometric analysis identified one of them to be GroEL, one of the heatshock proteins important in heat-shock response in bacteria [10] [11] [12] . To understand the role CLP plays in the regulation, sequence analysis, Western blotting, and transcriptional fusion assays were performed. The results obtained indicate that CLP regulates groESL genes indirectly.
Materials and methods

Bacterial strains and growth conditions
X. campestris P20H was a non-mucoid mutant previously isolated from Xc11A by mutagenesis with nitrous acid [13] . TC820(clp::Gm) was a clp mutant derived from P20H by inserting a Gm r cartridge into the clp gene [14] . LB and L agar were the complex media used for the general purposes [15] . The XOLN was a semi-synthetic medium containing the basal salts, supplemented with 0.0625% yeast extract and 0.0625% tryptone [16] . X. campestris and Escherichia coli were grown at 28 and 37°C, respectively. Antibiotics were supplemented when necessary: ampicillin (50 lg/ml), gentamycin (15 lg/ml), tetracycline (15 lg/ml), or kanamycin (50 g/ml).
Two-dimensional gel electrophoresis
P20H and TC820(clp::Gm) were grown in 30 ml of the XOLN medium supplemented with 2% xylose until stationary phase (ca. 22 h). Cells were harvested by centrifugation (10,000g for 10 min at 4°C), washed with ice-cold distilled water and then suspended in 50 mM Tris-HCl (pH 7.0), followed by passing through a French press twice. After centrifugation (12,000g for 30 min at 4°C) to remove the cell debris, trichloroacetic acid at a final concentration of 10% (w/v) was added to precipitate the proteins (on ice for 30 min). The proteins were then treated and subjected to 2D gel electrophoresis as described previously [14] . Equal amounts of proteins (ca. 3 mg) from P20H and TC820 were used in each run.
Protein identification
The second dimensional gels were silver stained and the protein spots were isolated for mass spectrometric analysis using ThermoFinnigan LC/MS/MS. The peptide mass fingerprints were analyzed with TurboSequest (Finnigan).
DNA techniques
Enzymes were purchased from Takara Shuzo (Seta, Japan), Promega (Madison, WI), New England Biolabs (Beverly, MA), and Stratagene (La Jolla, CA), and used according to the instructions provided by the suppliers. The methods described in Sambrook et al. [17] were used for preparation of plasmids and RF DNAs, restriction digestions, DNA ligations, preparation of 32 P-labeled probes by random priming, Southern hybridization, agarose gel electrophoresis (0.8% agarose in 0.5· Trisacetate-EDTA buffer), and transformation of E. coli. Electroporation was performed to transform X. campestris strains as previously described [18] . Nucleotide sequences were determined by the dideoxy chain termination method of Sanger et al. [19] , using Sequenase 2.0 sequencing kit (United State Biochemical Corp.).
Transcriptional fusion constructs
The groESL upstream regions were amplified by PCR and the amplicons were cloned into the promoter- probing vector, pFY13-9 (RK2 ori, tetracycline-resistant) carrying the promoter-less lacZ as the reporter gene, forming transcriptional fusion constructs [7] . Two constructs obtained were pWHP552 and pWHP150 which carried the region from À583 to À32 and from À178 to À29 relative to the groESL translation initiation codon, respectively ( Fig. 2A) . These plasmids were separately introduced by electroporation into P20H and the clp mutant TC820(clp::Gm) forming strains P20H(pWHP552), P20H(pWHP150), TC820(clp::Gm) (pWHP552), and TC820(clp::Gm)(pWHP150).
Measurement of b-galactosidase activity
Cells carrying the transcriptional fusion constructs were grown overnight in the LB medium and then inoculated into the same fresh medium to obtain an initial OD 550 of 0.35, allowing for further growth. Aliquots of the cultures were taken at intervals following cell growth and the b-galactosidase activities were assayed according to the previously described methods [15] . The b-galactosidase activity was expressed as Miller units, taken the means of three independent experiments.
Western blotting
Western blotting was performed to detect the GroES protein from P20H and the clp mutant TC820(clp::Gm). The cells grown overnight (in 3.0 ml of LB for 18 h) were harvested and washed once with distilled water. The cell suspensions were carefully adjusted to the same concentrations. Samples containing 35, 30, or 25 lg proteins were subjected to SDS-polyacrylamide gel electrophoresis [20] . The protein bands in the gels were Western blotted and detected by using the GroES antiserum prepared by immunizing a rabbit with the pET-expressed GroES protein [21] . Protein concentrations were determined by the method of Bradford [22] .
RT-PCR
Total bacterial RNA was isolated from P20H grown in LB medium to an OD 550 of 1.0 by using NucleoSpin Ò RNA II (Machery-Nagel). To remove contaminating DNA, the sample was treated with RNase-free DNase I (Machery-Nagel) for 1 h. The isolated RNA was used as a template in RT-PCR using the Fast-Run TM HotStart RT-PCR (AMV) Kit (Protech) according to the instructions from the supplier. Briefly, the RT reaction was carried out at 42°C for 30 min in a thermal cycler (Gene Amp Ò PCR system 9700), followed by 35 cycles of PCR, including 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, with an ending of 5 min at 72°C. RT-PCR was performed in 40 ll reaction mixtures, with 1 lg of total RNA and appropriate primers. The 5 0 -positions of the primers 1 and 2 were nt 1 and 288 relative to groES start codon, respectively, and primers 3 and 4 were nt 1 and 1641 relative groEL start codon, respectively. The amplified products were analyzed in agarose gel electrophoresis.
Results and discussion
3.1. Proteomic analysis indicated that the X. campestris clp mutant produces less GroEL protein than the wildtype strain X. campestris naturally produces great amounts of an exopolysaccharide (xanthan gum), rendering the cultures viscous and causing it difficult to obtain clean protein samples. Therefore, a non-mucoid strain P20H and a clp mutant TC820(clp::Gm) derived from P20H were used in this study. To compare the differences in the amounts of cellular proteins between P20H and TC820(clp::Gm), two-dimensional gel (pH 4-7 IPG) electrophoresis was performed using the samples prepared from the overnight cultures grown in LB broth. It was found that the intensities of over 100 protein spots on the silver-stained second dimensional gels were different from those of the parental P20H (data not shown), suggesting that expression of these proteins was regulated by CLP. Among them were two very dense and closely located spots which had the same molecular size (ca. 57 kDa) but slightly different pI values (pI 5.0 and 5.05), both with the amounts being reduced by about 2.5-fold in TC820(clp::Gm) compared to those in P20H (Fig. 1) . Identity determination by spectrometric analysis of these two proteins recovered from the gels indicated that they were isoforms of GroEL, one of the heat shock proteins with chaperone function. Biosynthesis of isoforms for heat shock proteins via post-translational modifications is common [11] , and our data indicated that this occurs in X. campestris.
The groES and groEL genes in X. campestris form an operon
The groESL genes from at least three Xanthomonas strains had been previously known. Both genomes of X. campestris strains 17 (Xc17) and ATCC33913 have a single copy of groESL genes, which are flanked by XCC0521 and XCC0524 [9, http://xcc.life.nthu.edu.tw/] (Fig. 2A) . The corresponding genes from the two strains, with only a few differences in nucleotides, encode proteins with identical amino acid sequence. Notably, the deduced Xcc GroEL protein consists of 546 amino acid residues with a calculated M w of 57,184 and a predicted pI of 5.01, which are close to those observed in the 2D gels.
The third known Xanthomonas groESL are from X. axonopodis pv. phaseoli (Xap), with the genes and a stretch of 286 bp immediately upstream being sequenced [21] [AF426387]. Results of the study can be summarized as follows. First, the Xap groES and groEL show 98% and 95% identities to the respective Xcc homologues at nucleotide level, whereas the deduced Xap GroES and GroEL share 100% and 98% identities with those of the Xc17 and ATCC33913 GroES and GroEL, respectively. Second, Northern blotting detected a transcript of 2.2 kb, a size similar to the length of groES plus groEL, suggesting that the Xap groESL genes form an operon as the cases in other bacteria. Third, primer extension showed that the Xap groESL operon may transcribe from three start sites, Tss 1, Tss 2, and Tss 3 located at nt À110, À95, and À94 relative to the groES initiation codon, respectively (Fig. 2B) .
Using a PCR-based strategy, the P20H groESL region was cloned and sequenced in this study. The results showed that, while minor differences were present at the nucleotide level, the deduced P20H GroESL proteins were identical to the corresponding proteins from Xc17 and ATCC33913. In RT-PCR, using primer pairs P1 and P4, flanking groESL genes, a product of about 2.0 kb was obtained (Fig. 3) . This result indicates that groESL form an operon, as the case in Xap. 3.3. Western blotting showed that the X. campestris GroES protein is also reduced in clp mutant
Since the Xcc groESL genes form an operon, a clp mutant would have also lost the capability to synthesize the normal amounts of GroES protein, which could be assayed by Western blotting. An antiserum specific to Xap GroES, which has the identical amino acid sequence as that of the Xcc GroES, from the study on expression of the Xap groESL genes [21] , was made available in this study. This antiserum was used for Western blotting with the cellular proteins of P20H and its clp mutant TC820(clp::Gm) grown in LB for 18 h. For reproducibility, the experiments were repeated three times using carefully calibrated samples. A band with a molecular size similar to that of the predicted GroES (10 kDa) was visualized on the PVDF membrane for the samples containing 35 lg of proteins from both strains (Fig. 4, lanes 1 and 2) . Differences in the intensity of the bands were observed when decreasing amounts of the cellular proteins were applied onto the gel (Fig. 4,  lanes 3 and 4) . With 25 lg of proteins, the amount of TC820(clp::Gm) GroES was no more detectable, while the band in P20H became faint (Fig. 4, lanes 5 and 6) . Densitometry analysis of these blots indicated that TC820(clp::Gm) produced about 40% less GroES than P20H. These data agrees with that of the proteomic analysis showing that the clp mutant produces less GroEL protein. Taken together, it is evident that expression of groES and groEL requires CLP, and the concomitant reduction in the amounts of GroES agrees with the observation that groES and groEL form an operon.
The upstream region of X. campestris groES possesses consensus sequences for several regulatory proteins to bind
The heat-shock proteins are ubiquitous and highly conserved; however, the regulation of their expression is complex and varies even among different bacteria [11] . The transcription of groESL in Gram-negative bacteria, in which information is largely from the studies of Escherichia coli and Agrobacterium tumefaciens, is stimulated during heat-shock by alternative sigma factors, r 32 or r 24 ; and during non-heat-shock conditions, transcription is repressed by the HrcA protein which binds to the CIRCE (Control Inverted Repeat of Chaperone Expression) sequences upstream to the heat-shock operons [23, 24] . The level of r 32 protein is regulated at transcriptional and translational levels as well as by the turnover of the r 32 protein, and transcriptional regulation of the r 32 -encoding gene (rpoH ) is very complex [12] . It is known that the E. coli rpoH gene can be transcribed from at least four promoters, among which P4-P5 transcriptions are controlled by an additional negative control system -the cyclic AMP-CRP/CytR nucleoprotein complex [25] . In X. campestris, the rpoH gene has been characterized [26] , although the role it plays in heat-shock response was not studied. In addition, the presence of a heat-shock gene cluster, hrcAgrpE dnaK-dnaJ, containing hrcA in X. campestris has been described [27] .
When the 286-bp sequence previously determined for the Xap groES upstream region [21] , [AF426387] was used for sequence alignments, it was found that À1 to À167 relative to the Xap groES start codon shared 89% identity with the corresponding region of P20H (Fig. 2B) . As shown in Fig. 2B , they included several predicted binding sites for regulatory proteins: (1) one r 70 promoter (nt À139 to À144 and nt À120 to À125, respectively, for À35 and À10 sequences), (2) one r 32 promoter (nt À140 to À145 and nt À117 to À121, respectively, for À35 and À10 sequences), (3) one r 24 promoter (nt À118 to À123 and nt À98 to À102, respectively, for À35 and À10 sequences), and (4) one CIRCE element (nt À47 to À77).
The consensus sequence for CRP to bind is 5 0 -AAATGTGA-TCTAGA-TCACATTT-3 0 which is 22 bp in length and exhibits perfect twofold sequence symmetry, with the bold-faced bases representing the left and right half sites each for the binding of one subunit of the active CRP dimer [28] . Dong and Ebright [29] has shown that CLP has the same DNA binding specificity as CRP at positions 5, 6, and 7 of the DNA half sites. In this study, we performed sequence search for possible CLP binding sites in the upstream regions of Xcc rpoH and the groES genes. One putative CLP-binding site (TGTGCTGG-N6-TCACATAC), with 70% identity (bold-faced letters among the innermost five bases in either arm) to the consensus sequence, was located between nt À60 and À81 relative to the groES start codon. But, we failed to find a possible CLP-binding site in the rpoH upstream region (200 bp), and therefore whether expression of the Xcc rpoH gene is controlled by CLP remains unknown.
The sequences surrounding the three transcription start sites of the Xap groESL genes were highly conserved in the corresponding regions of P20H. By analogy, the three possible transcription start sites in P20H were assigned at À112, À97, and À96 relative to the groES initiation codon for Tss 1, Tss 2, and Tss 3, respectively (Fig. 2B). 3.5. Transcriptional fusion assays showed that the activity of the X. campestris groESL promoter is reduced in clp mutant
To map the region that responds to the CLPmediated regulation, two fragments from the groESL upstream region were cloned into the promoter-probing vector (pFY13-9) with the lacZ as the reporter gene, forming transcriptional fusion constructs pWHP150 and pWHP552. As shown in Fig. 2B , the pWHP150 insert (nt À178 to À29) included all the sites predicted to be required for the regulatory proteins to bind, including the possible CLP-binding site, while the pWHP552 insert (nt À583 to À32) was much longer and contained the pWHP150 insert plus the further upstream region. To assay for promoter activity, the cells harboring these constructs were grown in LB medium and the b-galactosidase activity was measured following cell growth. As shown in Fig. 5 , the four strains, P20H(pWHP552), TC820(clp::Gm)(pWHP552), P20H(pWHP150), and TC820(clp::Gm)(pWHP150), grew at the same rates and reached about the same final yields (5.5-5.8 U of OD 550 ), suggesting that mutation in clp gene and presence of the plasmids had no effects on their growth in LB. The b-galactosidase levels were extremely high in P20H(pWHP552) and TC820(clp::Gm)(pWHP552), with the highest points being detected at the early exponential phase (3 h), which were 11,000 and 5000 U/ml, respectively (Fig. 5A) . The levels decreased after 3 h and maintained around 2000 U/ml in both cells when the cultures entered the stationary phase. These results revealed at least three important points concerning the promoter activity. First, the extremely high levels of expression indicate that (1) Xcc groESL genes have the strongest promoter compared to the other known Xcc promoters studied so far, which were between hundreds and a couple of thousands units per ml [14, 27, 30] , (2) Xcc has a high demand for the heat-shock proteins which is similar to that for stationary phase survival in Rhizobium leguminosarum [31] , and (3) Xcc may be like other bacteria in turning over and replenishing its heatshock proteins rapidly [11, 32] . Second, the groESL promoter activity in the wild-type background was about 2.2-fold higher than that in the clp mutant when the highest points were taken for comparison. It is worthy noting that, without CLP, the reporter enzyme levels were as high as 5000 U/ml in the mutant cells (Fig.  5A ). These together indicate that although CLP is required for the highest levels of groESL transcription, the promoter is still extremely active without CLP. Third, the promoter activity retained equally high (2000 U/ml) in both wild-type and mutant cells after they entered stationary phase (Fig. 5A) , indicating that the global transcription factor CLP is required for groESL expression only when the cells are actively growing. This is different from the case of the Xcc prt1 (encoding protease 1) promoter in which CLP is required for high level of prt1 expression at stationary phase [30] .
The time courses of the b-galactosidase levels in strains P20H(pWHP150) and TC820(clp::Gm)(pWHP150) were similar, with the highest levels being about 330 U detected at 3 h (Fig. 5B) . Although the levels were low compared to those of the cells harboring pWHP552, they were still higher than many functional genes of Xcc studied, thus indicating that this 150-bp region indeed possesses promoter activity. In addition, since pWHP150 displayed the same levels of activity with or without CLP, the CLP-responding sequence is not contained in this 150-bp region. This indicates that the predicted site (nt À60 to À81) is not a functional CLP-binding site. Therefore, it appears that the sequence responding to CLP-mediated regulation is contained in the further upstream region between nt À178 and À583.
3.6. CLP appears to regulate transcription of the X. campestris groESL indirectly
Since no consensus CLP-binding site was found in the À178/À583 region, it appears that CLP regulates the expression of the Xcc groESL genes indirectly, i.e., CLP regulation here is in a hierarchical manner through a lower level transcription factor whose expression in turn is controlled by CLP. To confirm this prediction, gel retardation was performed in a reaction mixture (20 ll) containing biotin-labeled probe (the À32/À583 region, ca. 1.0 pmol) and various amounts of Clp (0-500 ng) in the binding buffer (at room temperature for 30 min), followed by electrophoresis of the DNA-protein complexes in a native 4.5% polyacrylamide gel (0.5· TBE buffer). The Xcc engA (encoding the major endoglucanse) promoter, which has the CLP-binding site capable of binding to CLP [33] , was used as the control. No retardation in mobility of the À32/À583 fragment was observed in these experiments (data not shown).
Conclusion
In this communication, we describe the CLP regulation on expression of X. campestris groESL genes. First, proteomic analysis, Western blotting, and transcriptional fusion assays together have demonstrated that (1) transcription activity from the groESL promoter is extremely strong, producing relatively larger amounts of the proteins, and (2) CLP is involved in the positive regulation of groESL expression. Second, the presence of the sites for r 24 and r 32 to bind and the CIRCE element in the groESL promoter region suggests the involvements of the alternative sigma factors for stimulation and HrcA for repression of groESL expression, as the cases in other Gram-negative bacteria. Third, the groESL upstream region responding to the CLPmediated regulation is distal to the promoter sequences where no possible CLP-binding site is present and does not bind to CLP in vitro, indicating that CLP regulates groESL expression indirectly. Fourth, since no CLPbinding site is present upstream to the rpoH gene encoding r 32 , the CLP regulation may not be via the control of the expression of rpoH. Five, these results suggest that, to exert the CLP-mediated regulation on Xcc groESL expression, at least another transcription factor is required, a factor whose expression in turn is controlled by CLP. This appears to be the first report describing the role a CRP homologue plays in positively regulating a heat-shock operon in bacteria.
